Treatments with potential neuroprotective capability for Parkinson's disease (PD) have been investigated in randomized, controlled, clinical trials and other studies since the mid-1980s. Although promising leads have arisen, no therapy has been proven to halt or slow disease progression. Several large-scale studies have highlighted progress in methodology, as well as the frustrations of translating laboratory science to practical applications. This review summarizes findings from clinical trials with several classes of compounds, including monoamine oxidase-B inhibitors (selegiline, lazabemide, rasagiline), dopaminergic drugs (ropinirole, pramipexole, levodopa), antioxidant strategies (␣-tocopherol), mitochondrial energy enhancers (coenzyme Q 10 , creatine), antiapoptotic agents (TCH346, minocycline, CEP-1347), and antiglutamatergic compounds (riluzole). Beyond small-molecule pharmacology, gene therapy approaches, such as delivering neurotrophic substances (e.g., neurturin) by viral vector, are the next generation of treatment options.
INTRODUCTION
Parkinson's disease (PD) is unique among the other neurodegenerative disorders because of the almost palpable anticipation of an imminent cure. So much is known about its pathophysiology that speculation among PD optimists is not if, but when, a definitive treatment will arrive. Multiple examples of the translation of preclinical science to clinical research have provided evidence of this enthusiasm. The number and variety of completed clinical trials for PD neuroprotection has exceeded those conducted for all other neurodegenerative disorders. Explaining this productivity is the intense interest that PD has engendered in the neuroscience community.
Clues derived from study of the PD brain have led to an abundance of preclinical research. Since the mid1970s, thousands of research reports have investigated possible disease mechanisms and neuroprotective approaches, using a variety of animal or cellular models of PD. Despite the known limitations of such models, 1, 2 they have been extremely influential in guiding the search for pharmacological interventions that might halt disease progression. A discussion of all the diverse therapeutic approaches currently under exploration (antioxidant, pro-metabolic, antiapoptotic, antiexcitotoxic, and anti-inflammatory, among others) is beyond the scope of this report-or any review wishing to provide up-to-date information-as new research on this topic continues to appear at an accelerating pace.
In 2003, a National Institutes of Health (NIH) committee recommended 59 candidate compounds for testing as potential neuroprotective agents of PD 3 -a list that, only 5 years later, has greatly different options. The discussion in this review focuses on completed clinical studies and their implications for understanding the cause or causes of PD. This topic has been the subject of several reviews in recent years, including evidence-based therapeutics assessments by a subcommittee of the American Academy of Neurology 4 and by a task force of the Movement Disorder Society. 5, 6 Symptomatic treatment of PD has obvious endpoints, including those rated by evaluation of disabilities, changes in motor features, onset of dyskinesias or motor fluctuations, and quality of life assessments. With respect to disease modification in PD, however, the measure of an effective treatment outcome is less clear. Underlying the design of clinical trials for neuroprotection in PD is an ongoing search for a compelling conceptual definition.
Several recent reviews have expounded on the varieties of neuroprotective agents and possible mechanisms for intervening against neuronal loss in the substantia nigra pars compacta (SNpc), 7 which is the presumptive definition for most researchers. Neuroprotection can be defined from a clinical perspective: halting or slowing the emergence or worsening of disability in everyday activities, diminishing the decline of ratings focused on distinctive parkinsonian features, or avoidance of specific clinical milestones (such as the perceived need for starting dopaminergic therapy). The latter endpoint, despite its apparent imprecision, has proven to correlate well to more objective ratings of parkinsonism and was used as the primary endpoint in the first clinical trial of neuroprotection, the DATATOP study (Deprenyl and Tocopherol Antioxidative Therapy of Parkinsonism). [8] [9] [10] The "need for initiation of dopaminergic therapy" has also served as a primary or secondary endpoint for several additional investigations. Other studies have used specific ratings of parkinsonian signs and symptoms (including timed tests or neuroimaging of the dopaminergic system in the brain) for the measure of therapeutic effectiveness.
Regardless of the clinical investigative tools used, researchers must recognize that the worsening of parkinsonian symptomatology may not be a direct reflection of what is occurring at a cellular or neurochemical level. For example, there is no consensus that neuroprotection needs to be a therapeutic intervention that would prevent the development of Lewy bodies, the pathological hallmark of PD. Furthermore, observed changes in parkinsonian features over time might have alternative explanations besides the continuing death of additional dopaminergic neurons. Changes that might appear to represent the declining number of SNpc neurons include such alternative explanations as metabolic compromise among the surviving neuronal population (such as the well-documented finding of impaired mitochondrial function 11, 12 ). Alterations in the structure of dopaminergic nerve terminals 13 or loss of cellular viability because of impaired protein folding or turnover 14 are also mechanisms that can explain worsening of parkinsonism without necessarily invoking additional neuronal death.
Another possibility for explaining the worsening of clinical symptomatology includes the gradual loss of compensatory responses in remaining SNpc neurons that, initially, were able to increase dopaminergic output. 15 Progressive loss of SNpc dopaminergic neurons is, of course, a well-defined pathological outcome in PD that correlates with disease severity 7 ; however, even this obvious target for a biomarker has proven to be problematic. At present, it is difficult for clinicians to link worsening in clinical state with decline in the SNpc population. The ELLDOPA study 16 (a recent clinical trial described further in the section on dopaminergic drugs) exemplifies this quandary, in that a neuroimaging marker of the SNpc dopaminergic nerve terminal population provided results opposite to the clinical observations of the study.
Although the ideal neuroprotective treatment would be 100% effective, partial control of progression or prevention of various undesired outcomes of advancing PD (for example, development of dementia) need to be envisioned in conceptualizing neuroprotection. Clinical trials for neuroprotection have used various criteria for gauging a clinically meaningful outcome, but the problem of defining effective neuroprotection has more fundamental challenges.
Since the 1980s, a rating for cataloging and quantifying parkinsonian severity has gained widespread acceptance for neuroprotection studies. The Unified Parkinson Disease Rating Scale 17 (UPDRS) is especially useful in this regard, because untreated PD patients tend to show near-linear decline in scores over several years. 9, 10, 16, 18 If the pattern of worsening in a particular study is not linear over time, various methods have been developed for analyzing such nonlinear changes. 19 One problem posed by the UPDRS is that its score consists of summed descriptive ratings that may be relatively insensitive to small changes in clinical state. This is especially problematic for subjects with mild features of parkinsonism, as typically enrolled in a neuroprotection study. The UPDRS is currently undergoing revision, 20 but the updated version will not necessarily enhance sensitivity to small changes in clinical progression. Purely quantitative methods seem to be desirable, especially those targeting slowed movements, which is often regarded as the core feature of parkinsonian disability. In the DATATOP study, a quantitative measurement of motor performance, the timed Purdue pegboard task of motor dexterity, was investigated [8] [9] [10] ; however, such testing did not provide any clear advantage over the results of UDPRS ratings as an indicator of disease progression or disability.
Surrogate markers of PD progression have been sought as alternative to clinical rating. Neuroimaging of the dopaminergic system with a labeled levodopa analog ([ 18 F]fluorodopa) with positron emission tomography (PET) or ligands of dopamine transporter uptake sites with single photon emission computed tomography (SPECT) have been incorporated into several of the clinical studies. Although these neuroimaging techniques offer scientifically compelling views of dopaminergic function in PD and can also offer near-linear changes over time, their potential susceptibility to artefactual changes continues to be controversial. [21] [22] [23] Evaluating impairment of the motor network using metabolic maps from [ 18 F]fluoro-2-deoxyglucose PET is a newly developed approach to view worsening in the PD brain. 24, 25 Beyond imaged dopaminergic nigrostriatal pathways, the search for other indirect indicators of disease progression has not led to reliable biomarkers in the living PD patient.
One methodological approach that has been incorporated into recent PD neuroprotection research has been the so-called "futility trial". This study design, used extensively in cancer therapeutics research, offers one means for economy in the initial stages of drug exploration. 26 Several recent PD neuroprotection trials have used this study methodology, including four treatments investigated in a consortium program called Neuroprotection Exploratory Trials in Parkinson's Disease (NET-PD), funded and directed by the NIH National Institute of Neurological Disorders and Stroke. 3 Compared with conventional clinical trials for PD treatments, a study for testing a predetermined threshold of futility is designed and powered to rule out the need for further investigation of a therapeutic intervention. If initial results indicate that such a study does not reach a statistically significant endpoint of futility to proceed further, then its alternative conclusion will be that a more extensive efficacy investigation is warranted. Given the large number of possible PD neuroprotective interventions under consideration, 3 the futility trial approach offers the potential for achieving a faster pace in clinical research.
Several categories of potentially neuroprotective treatments have been investigated with pharmacological interventions. Discussion of neuroprotection studies with compounds possessing neurotrophic properties, such as GM1-ganglioside and recombinant glial cell line-derived neurotrophic factor (liatermin; Amgen, Thousand Oaks, CA) can be found in an accompanying article.
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MONOAMINE OXIDASE INHIBITORS
Selegiline (deprenyl)
It has been more than two decades since the start of the first clinical trials to evaluate potential neuroprotective treatments. Researchers in the 1980s were especially focused on the possibility that oxidative stress contributed to the initiation and progression of PD. Oxidative stress affecting SNpc neurons was envisioned to be the most likely factor causing progressive neuronal loss. 28 The selective vulnerability of dopaminergic SNpc neurons and their terminals in the striatum was hypothesized to be linked to a number of pro-oxidant factors, among them the local presence of reactive iron and melanin, which promote the generation of free radicals. 29 The ability of dopamine to auto-oxidize to compounds acting as oxyradicals provided another possibility for toxicity related to this neurotransmitter. Finally, the catabolism of dopamine by monoamine oxidase (MAO) was thought to be a means for generating potentially toxic byproducts. At sites within neurons and in nearby glia, the turnover of dopamine by MAO yields the hydroxyl radical and other reactive oxygen species. 30 With the intention of blocking the formation of oxyradicals resulting from dopamine metabolism, several clinical investigations targeting MAO were initiated. In each instance, the compound chosen to inhibit this pathway was selegiline (also known at the time as deprenyl), an MAO inhibitor selective for the type B isomer when administered at a dose up to 10 mg/day. Selegiline is an irreversible (suicide-type) MAO-B inhibitor. Because MAO-B was thought to be the primary pathway for dopamine catabolism, inhibiting the other isomer of MAO (MAO type-A) did not seem to be necessary for significantly limiting dopamine turnover in the striatum and, consequently, generation of oxyradicals.
In the mid-1980s, three studies were conducted to address the possibility that selegiline was neuroprotective in PD. The largest of these, DATATOP, was initiated in 1987 and had been planned to be conducted over 2 years after the recruitment of all 800 subjects. 8 This placebo-controlled, double-blind study also involved a treatment arm in which another antioxidant, ␣-tocopherol, was also administered in a 2 ϫ 2 factorial study design (see further under Antioxidant Strategies). For the DATATOP study, the hypothesis was that chronic selegiline would lessen oxidative stress generated from dopamine turnover. The result in the environment of the SNpc neurons presumably would be less damage and less loss of these neurons, with concomitant slowing progression of PD. Participants in the DATATOP study were subjects with mild ("early") clinical features of PD and no current need for symptomatic treatment of parkinsonism. The clinical outcomes of these pharmacological interventions were repeated outpatient assessments, at which time subjects were assessed for the need to initiate symptomatic dopaminergic therapy because of emerging disability. Subjects also underwent objective ratings of PD disability and clinical features using the UDPRS, and measurements of CSF dopamine metabolism markers were made at the start and end of the study.
Although the plan was for breaking the "blind" at 24 months, the DATATOP study protocol was altered midway in the first year because a major treatment effect was detected through an interim analysis.
9, 10 The selegiline treatment group, after a mean of 12 Ϯ 5 months, was found to reach the endpoint of the study at significantly lower rates. The need for dopaminergic treatment occurred for 176 of 401 subjects receiving placebo, compared with 97 of 399 selegiline-treated subjects (p Ͻ 10
Ϫ8
, as evaluated by Fisher's exact test for the proportions of subjects reaching the study endpoint). A Kaplan-Meier analysis for sequential occurrences of endpoints revealed that selegiline reduced the risk for needing dopaminergic treatment by approximately half of the rate with placebo. Another finding from the DATATOP study was that treatment with selegiline lowered the risk for eventually developing freezing of gait. 31 This conclusion changed a few months later. Subsequent Kaplan-Meier analysis showed that the mean selegiline endpoint did not differ from that of placebo even though, earlier in the trial, there had been a robust difference. This paradox was explored in a number of ways post hoc, without a clear explanation. One possibility was that selegiline conferred a small but detectable symptomatic anti-parkinsonian effect that persisted beyond its 4-week washout. 32 To test for this possibility, the protocol was modified to include a staggered washout of selegiline to investigate the effects on the clinical state. The conclusion was evidence that selegiline continued to exert some improvement of parkinsonian features at 4 weeks and beyond. Hence, determination of neuroprotective effect may have been confounded by this mild but significant symptomatic action, the magnitude of which may have changed over time. Other issues uniquely faced by the DATATOP trial include its novel primary endpoint ("need for dopaminergic therapy") which, though correlated to UPDRS scores, 9,10 may have been influenced by various investigator or subject biases. 33 The DATATOP study has generated considerable interest and continuing controversy. 34, 35 Two other small-scale double-blind studies evaluated selegiline monotherapy in a similar manner. 36, 37 Both involved 54 untreated PD subjects randomized to receive placebo or selegiline, 10 mg/day. The study by Tetrud and Langston 36 found that selegiline slowed the rate of progression in UPDRS ratings by approximately half and without exerting detectable symptomatic anti-parkinsonian effects. With respect to the perceived need for starting dopaminergic therapy (levodopa) in the study participants, the group receiving placebo went for an average of 312 days before reaching that point, compared with 549 days for the subjects receiving selegiline. The study conducted by Myllylä et al. 37 found that the selegilinetreated subjects also had a significant delay in their determined need for levodopa treatment (median interval: 545 Ϯ 90 days), compared with the placebo group (327 Ϯ 28 days). This study also indicated that parkinsonian disabilities in the selegiline-treated subjects tended to remain milder for up to 12 months; however, the advantage seen with selegiline was lost, in a manner similar to that seen in the DATATOP study.
Selegiline treatment outcomes were also evaluated by the Swedish Parkinson Study Group. 38 This study randomized 157 de novo PD subjects between treatment arms of selegiline monotherapy (10 mg/day) or placebo in a double-blind manner. Follow-up at 5 years revealed that selegiline significantly delayed the need for starting dopaminergic treatment. 39 In contrast to the other selegiline studies mentioned, this trial used an 8-week washout of selegiline, to eliminate possible symptomatic effects of MAO-B inhibition. Clinical outcomes for selegiline monotherapy or combined therapy with levodopa appeared to be improved, compared with treatment with placebo, although such studies present the challenge of sorting out symptomatic effects from neuroprotection. Finally, a more recent randomized double-blind study of placebo or selegiline involving 163 PD subjects indicated that less disease progression developed for subjects who were receiving the MAO-B inhibitor. 40 Thus, considerable evidence seems to support a disease-modifying effect of selegiline. Nonetheless, the 2004 update of the Movement Disorder Society's task force assessing PD treatments and the American Academy of Neurology subcommittee addressing this matter concluded that available evidence of selegiline helping to prevent clinical progression of PD was insufficient.
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The MAO-B inhibitory property of selegiline was the initial basis for its consideration in clinical trials of neuroprotection. Unrelated to this effect is evidence in several models of neuronal injury suggesting that the selegiline metabolite desmethylselegiline has additional pharmacological properties similar to those of neurotrophins.
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Lazabemide
The initial results with selegiline prompted consideration of additional MAO-B inhibitors as potential neuroprotective agents. Lazabemide differs from selegiline in several properties: it is a reversible inhibitor of MAO that has greater selectivity for the type B enzyme versus type A and undergoes rapid clearance after discontinuation. Furthermore, lazabemide is not a propargylamine compound and is not metabolized to amphetamine. 42, 43 The various studies of selegiline as a disease-modifying therapy had to contend with the possibility of several potentially confounding factors, especially the possibility that symptomatic effects gave the appearance of arrest in disease progression. Even though D-amphetamine metabolites of selegiline were regarded as unlikely to confer an anti-parkinsonian effect, this possibility remained unanswered. Because lazabemide could be washed out in a short time, this drug provided an opportunity to evaluate the effect of MAO-B inhibition versus other pharmacological properties that seemed to confound the selegiline studies.
Initial studies with lazabemide in otherwise untreated PD subjects revealed that its symptomatic effects were similar to those of selegiline. 42, 43 Next, a trial assessing its possible neuroprotective actions was conducted in a randomized, double-blind study lasting up to 1 year. 44 This placebo-controlled investigation enrolled 321 PD subjects who were not receiving symptomatic therapy and who received either placebo or lazabemide (dosage range, 25-200 mg/day). The smaller number of subjects enrolled, compared with the DATATOP trial, was based on considerations of study power needed to achieve clinically meaningful results against the natural history of PD progression. In this study, the primary endpoint was the same as the DATATOP trial (the determination of functional disability necessitating the start of symptomatic therapy with levodopa or an equivalent therapy). After 12 months of lazabemide treatment, the outcome was closely similar to the findings of DATATOP. Although lazabemide provided only a small improvement in total UPDRS score at 6 months into the study (ϳ2 units), the repeated assessments of need-for-levodopa endpoint were subjected to a Kaplan-Meier analysis and it was found that the drug reduced this outcome by 51% (p ϭ 0.008). 44 The implications of the Parkinson Study Group trial, 44 taken together with the results of the various selegiline trials, were that MAO-B inhibition (and not the additional pharmacological properties of selegiline) was responsible for the delay in reaching the need for the start of dopaminergic treatment and for relative improvements in the overall worsening of UPDRS scores. The lazabemide study provided a better opportunity for conducting a valid comparison of baseline to post-treatment PD status after drug washout and lacking the possible carryover of anti-parkinsonian effect (which continued with selegiline even several weeks after washout). 10 Despite the positive findings of this study, the study sponsor chose not to continue development of lazabemide for PD.
Rasagiline
Rasagiline is a highly selective MAO-B inhibitor. It shares, with selegiline, a propargylamine structure and irreversible inhibition. 45 Rasagiline enhances release of dopamine, in addition to retarding its catabolism, and antagonizes three cellular processes that are involved in the cascade of events leading to apoptosis: intranuclear translocation of the glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase, induction of bcl-2, and activation of mitochondrial permeability transition. 46, 47 Another effect seen in experimental models of parkinsonian degeneration is averting apoptosis by means of inducing GDNF. Rasagiline also blocks actions of an endogenous neurotoxin that is a condensation product of oxidized dopamine, N-methyl-(R)-salsolinol. Animal studies have shown functional recovery is elicited by rasagiline even when administered after exposure to the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). 48 The TEMPO trial 49 (Rasagiline Mesylate [TVP-1012] in Early Monotherapy for Parkinson's Disease Outpatients) was conducted in 404 early, untreated PD patients for 26 weeks as a randomized, double-blind, placebocontrolled clinical trial using rasagiline at doses of 1 and 2 mg/day. The primary efficacy measure was the net change in total UPDRS score from baseline to 6 months; a secondary endpoint, similar to that of the DATATOP study, was the need for starting levodopa because of advancing disability. A novel feature of this study was its delayed-start design, used in an effort to differentiate the symptomatic effects of MAO-B inhibition from its possible neuroprotective actions. This differentiation was determined in the second 26-week phase of the study, in which the group initially receiving placebo was switched to rasagiline, 2 mg/day.
In the first phase of the study, both rasagiline doses produced similar symptomatic benefits-improvement in UPDRS scores. The placebo group did not lessen their score. The separation between the rasagiline and placebo-treated groups continued through the 26-week study (p ϭ 0.02). Once receiving rasagiline, after 6 months, the group initially receiving placebo experienced a similar degree of symptomatic effect as did the group initially receiving the drug; however, the delayed-start group never caught up to the level of UPDRS improvement in the group initially receiving rasagiline. This latter observation suggests more than a symptomatic effect. After 12 months of continued rasagiline treatment, the group initially receiving the active drug continued to maintain the same degree of improvement over the delayed-start group.
The results of the TEMPO trial were thus in favor of a disease-modifying action. Over the first 6 months of the study, both doses of rasagiline yielded similar improvements, approximately 4 UPDRS units (p Ͻ 0.001). In the DATATOP trial, selegiline-treated subjects also achieved an effect of approximately this magnitude at 6 months. 9, 10 Unlike DATATOP, however, a KaplanMeier survival analysis of TEMPO did not find a statistically significant difference between placebo and either rasagiline dose for the secondary endpoint (delay in the need for starting levodopa or a comparable treatment for emerging parkinsonian disability). During the 6-month trial, 23 of 138 subjects in the placebo group (16.7%) reached the secondary endpoint of need for levodopa therapy, compared with 15 rasagiline-treated subjects (11.2%) receiving 1 mg/day and 22 receiving 2 mg/day (16.7%). The TEMPO study also reported that both doses of rasagiline gave a statistically significant improvement in PDQUALIF ratings (a quality of life measure), and in the UPDRS Parts 2 and 3 (Activities of Daily Living and Motor subscales). 49 As a follow-up to the TEMPO study, a larger scale and longer randomized, placebo-controlled investigation of rasagiline monotherapy (1 or 2 mg/day) in approximately 1100 subjects with mild PD is underway. This study, termed the ADAGIO trial (Attenuation of Disease Progression with Rasagiline Once-Daily), will also apply a delayed-start design in an effort to differentiate the possible disease-modifying effects conferred by 36 weeks of initial rasagiline treatment. The second phase of the study, in which subjects initially receiving placebo will be randomized to rasagiline at 1 or 2 mg/day, will also last 36 weeks. Results are planned to be reported later in 2008.
The effectiveness of selegiline, lazabemide, and rasagiline as disease-modifying agents provides a focus on their shared property of MAO-B inhibition. Additional potentially protective pharmacological properties of propargylamine compounds that are unrelated to MAO-B inhibition, however, have also been shown in laboratory models of neurodegeneration through apoptosis. 47, 50 Whether another MAO-B inhibitor currently under development, safinamide, 51 might also possess disease-modifying effects remains to be studied. A compound derived from the structure of selegiline, TCH346, was studied as a possible neuroprotectant in PD but yielded negative results 52 (discussed under Antiapoptotic Compounds).
DOPAMINERGIC DRUGS
Although developed for their symptomatic actions in PD, several drugs with dopaminergic properties have also provided evidence for a neuroprotective effect. In support of disease-modifying effects are randomized clinical studies conducted with two dopaminergic agonists, pramipexole (CALM-PD) [53] [54] [55] and ropinirole (REAL-PET), 56 and a study investigating levodopa (ELLDOPA). 16 In a study planned to evaluate possible disease-modifying effects from 3 years of pergolide versus levodopa treatments (PELMOPET: Pergolide versus L-dopa as Monotherapy and Positron Emission Tomography), 57 the disease progression analysis could not be performed because of noncompliance on the part of investigators and research subjects; subsequently pergolide was withdrawn from the market. Another randomized controlled clinical trial (CABASER 09 study), investigating possible disease modification by cabergoline, has been reported to have shown benefits of this dopaminergic agonist, compared with levodopa therapy, although its results have not appeared as a peer-reviewed publication.
The first clues suggestive of beneficial effects of dopaminergic agonists on neurons came from a study in rats, in which daily oral intake of pergolide lessened age-related attrition of SN neurons. 58 Studies with pramipexole have demonstrated a number of potentially protective actions against oxidative stress and the influence on dopaminergic neurons of various experimental toxins, including methamphetamine, 3-acetylpyridine, 6-hydroxydopamine (6-OHDA), and MPTP. [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] The mechanisms contributing to the protective actions of pramipexole have not been defined, although activation of the D3 dopamine receptor was suggested from one study 69 and blocking the cascade of apoptosis in others. These latter effects appeared to be derived from enhanced expression of bcl-2 protein in neuronal dendritic processes or to other actions unrelated to the dopaminergic actions of the drug. 59, 60, 71, 72 Furthermore, studies investigating a stereoisomer of pramipexole that is inactive at dopamine receptors have shown it exerts neuroprotective properties. 64 In mice, the dopaminergic agonist ropinirole also enhances mechanisms against oxidative stress and exerts a protective action against 6-OHDA-induced loss of nigrostriatal dopaminergic projections. 73 Taken together, the implications of these studies are that dopaminergic agonists, either on the basis of dopaminergic stimulation or other properties, can act to mediate recovery of dopaminergic nigrostriatal neurons from the effects of various toxic mechanisms.
The neuroprotective implications of the laboratory research with dopaminergic compounds have inspired several clinical trials, and the question of the effects of levodopa on disease progression prompted formal analysis by means of a controlled clinical study. The challenge in conducting such studies of disease modification is to separate the confounding symptomatic effects. One approach has been to rely on a surrogate biomarker specific for degeneration in dopaminergic nigrostriatal projections. For this purpose, two major techniques have included the use of neuroimaging: positron emission tomography (PET) with [ With use of these techniques, disease progression can apparently be inferred even when PD patients continue to receive symptomatic therapy. In each instance, the assumption is that caudate and putamen images provide a direct correlate to the number of dopaminergic projections. There are several caveats for using neuroimaging markers as surrogates for gauging disease progression. Foremost among these is the need to exclude the possibility that dopaminergic treatments might alter the [ 18 F]fluorodopa uptake (with PET) or dopamine transporter binding (with SPECT) in a manner that would prevent a valid comparison with a subject's baseline status.
22
Pramipexole
The CALM-PD trial (Comparison of the Agonist Pramipexole with Levodopa on Motor Complications of Parkinson's Disease) randomized 301 mildly affected PD subjects between regimens starting with either levodopa or pramipexole. [53] [54] [55] If needed, supplemental levodopa could also be used. CALM-PD participants underwent evaluations of antiparkinsonian efficacy and development of motor fluctuations for up to 4.5 years. A group of 82 subjects underwent SPECT neuroimaging using the labeled dopamine transporter ligand [
123 I]-␤-CIT, planned for three post-treatment time points up to 46 months after baseline assessments. 55 The results of SPECT studies demonstrated less decline in striatal dopamine transporter binding for the group initially randomized to pramipexole, compared with subjects assigned to levodopa treatment. In comparison with baseline scans, [
123 I]-␤-CIT SPECT imaging revealed reductions in dopamine transporter binding of 7.1 Ϯ 9.0% versus 13.5 Ϯ 9.6% at 22 months, 10.9 Ϯ 11.8% versus 19.6 Ϯ 12.4% at 34 months, and 16.0 Ϯ 13.3% versus 25.5 Ϯ 14.1% at 46 months (means Ϯ SD; all p-values Յ 0.01). The diminished rate of decline in the pramipexole-treated group suggested a protective action (although, alternatively, levodopa treatment might have accelerated disease progression).
The lack of an untreated control group has hampered interpretation of CALM-PD results, as have lingering concerns that the dopaminergic treatments might have pharmacologically altered binding of [ 123 I]-␤-CIT. [21] [22] [23] Clinical ratings conducted after a pramipexole or levodopa washout of at least 12 hours permitted measurements of UPDRS scores in an unmedicated state. These showed no differences between the two groups; however, the short duration of washout for these symptomatic treatments is likely to have been inadequate for valid comparisons to baseline. Many of the subjects originally assigned to pramipexole monotherapy eventually added levodopa to their treatment regimen. The results of the pramipexole-only treatment subgroup have not been reported. Furthermore, some of the subjects had initial [ 123 I]-␤-CIT binding density that was not typical of a diagnosis of PD, but these subjects were not excluded from the analysis.
Ropinirole
Two investigations were conducted to compare outcomes of ropinirole and levodopa treatment in PD subjects. The first involved 45 PD subjects randomized to either levodopa (up to 1200 mg/day) or ropinirole (up to 24 mg/day). 75 [ 18 F]fluorodopa PET studies of tracer uptake by the putamen were conducted for comparison with baseline scans. After 24 months, the reduction in uptake was 13% for the 28 ropinirole-treated subjects, compared with an 18% reduction for the 9 receiving levodopa. These changes were not statistically significant, and the study was underpowered for detecting a difference.
The REAL-PET trial (ReQuip [ropinirole] as Early Therapy versus L-Dopa-PET) randomized 86 mildly affected PD subjects to initial monotherapy regimens of either levodopa or ropinirole. 56 Unlike the CALM-PD study, the REAL-PET study used the baseline results to validate the diagnosis of PD. If subjects lacked evidence for [ 18 F]fluorodopa PET neuroimaging changes typical of PD, their imaging data were excluded from analysis. The ropinirole-treated group showed evidence for less disease progression than the levodopa group. Over the 2-year study interval, the ropinirole group's change from baseline in [ 18 F]-fluorodopa uptake in the putamen was a 13% loss in label uptake, compared with a 20% reduction in the group randomized to levodopa (p ϭ 0.022).
With statistical parametric mapping, two brain regions of interest were used to detect significantly slower disease progression with ropinirole. Imaging of the putamen showed a 14% reduction in disease progression with ropinirole treatment, compared with a reduction by 20% for treatment with levodopa alone (p ϭ 0.034). Elsewhere in the brain, imaging in the substantia nigra for the ropinirole group revealed a ϩ3% change with ropinirole, compared with reduction by Ϫ8% with levodopa (p ϭ 0.035). Overall, these results support a disease-modifying effect of ropinirole. As for the CALM-PD study, an alternative conclusion could be that levodopa treatment had a disease-accelerating effect.
If both ropinirole and pramipexole did exert a neuroprotective action, the similar study results support the possibility of a "class effect" conferred by dopaminergic agonists but not levodopa. Several reviews of these data have cited the need for further validation of the technique and an untreated control group before meaningful conclusions can be drawn. The effects of levodopa were especially intriguing, and set the stage for study of its influence on progression of PD.
Levodopa
Long-standing concerns that levodopa might be neurotoxic have been difficult to evaluate because of the pervasive use of this drug as a chronic symptomatic therapy. Levodopa generates oxyradicals and has other possible mechanisms for causing neuronal degeneration, suggested by in vitro experiments showing the generation of an excitotoxin, trihydroxyphenylalanine, 76 and the neurotoxin 6-OHDA. 77 Nonetheless, evidence is lacking for levodopa toxicity in the treatment of PD patients. 78 Because levodopa has antioxidant effects in the striatum, 79 there has also been a rationale to explore a beneficial effect.
The possibility that levodopa might have a diseasemodifying effect was investigated in the ELLDOPA trial (Earlier versus Later Levodopa), conducted over 40 weeks. 16 Three daily intake regimens (150, 300, and 600 mg/day) of levodopa or placebo were administered to the 361 randomized, mildly affected PD subjects. After 40 weeks, subjects underwent a 2-week washout of study medication for comparison with baseline status. Clinical ratings supported an apparent protective effect of levodopa, compared with placebo. UPDRS total scores revealed a mean difference between baseline and end-of-study ratings of 7.8 units for the placebo group of 1.9 units at 150 mg/day, 1.9 units at 300 mg/day), and Ϫ1.4 units at 600 mg/day (all comparisons, p Ͻ 0.001). These findings were compatible with a doserelated beneficial disease modification. However, interpretation of the data required that all symptomatic actions of levodopa were effectively washed out. This assumption, though reasonable, was questioned by analysis of data from the levodopa-treatment extension of the DATATOP study, which concluded that a 2-week washout of levodopa may be inadequate to eliminate all anti-parkinsonian effects. 80 The latter study concluded that a neuroprotective effect of levodopa treatment seemed likely.
The results of this study were further confounded by neuroimaging results. An ELLDOPA subset of 142 subjects underwent [
123 I]-␤-CIT SPECT neuroimaging, to assess change in striatal dopamine transporter density between baseline and week 40. Although the clinical results suggested dose-related reduction in disease progression, the [
123 I]-␤-CIT results suggested just the opposite. The data revealed the mean percent-decline was significantly greater during levodopa treatments than with placebo, which declined by 1.4% during the trial. Reductions among the various levodopa doses were 6% (150 mg/day), 4% (300 mg/day), and 7.2 % (600 mg/ day). Excluded from the analysis were 19 subjects with no dopaminergic deficits on the baseline SPECT scans (and, hence, only clinical evidence for the diagnosis of PD). The reason for their exclusion was the presumption that the mild parkinsonian features they exhibited did not represent true PD, despite the clinical impression of an experienced PD specialist who enrolled these subjects. A post hoc analysis of the ELLDOPA data including only subjects with baseline SPECT data compatible with PD found that the 600 mg/day levodopa regimen yielded the greatest reduction in [ 123 I]-␤-CIT binding. Parkinsonian subjects with normal dopamine transporter site density (constituting 13% of the total group studied by [ 123 I]-␤-CIT SPECT) provide an important insight into neuroprotective trials that use only clinical criteria for the choice of appropriate study candidates. The apparent dose-related worsening of PD (as judged by the increased severity of the nigrostriatal lesion on [ 123 I]-␤-CIT neuroimaging) suggested an effect opposite to the clinical observations. Concerns that chronic levodopa use might modify the number of sites or binding properties at the dopamine transporter was not supported by an investigation of [
123 I]-␤-CIT SPECT imaging after levodopa washout. 23 However, the simple question as to whether levodopa has an influence at slowing or accelerating the progression of PD will require further analysis beyond the ELLDOPA study.
ANTIOXIDANT STRATEGIES
The theme of the DATATOP trial was protection against the generation or actions of oxyradicals. [8] [9] [10] Although several compounds with antioxidant properties have been considered for clinical investigation, only ␣-tocopherol has undergone testing. Coenzyme Q 10 and creatine (discussed in the next section) also may confer antioxidant actions, in addition to their other intended effects on mitochondrial complex I metabolism. ␣-Tocopherol, a chain-breaking antioxidant that enters into lipid-soluble cellular regions such as biological membranes, acts by quenching oxyradical species. There is no evidence for deficiency of ␣-tocopherol in PD, and severe deficiency states do not lead to parkinsonism. Nevertheless, this naturally occurring antioxidant offered a safe and promising option for testing the hypothesis of oxidative stress in the pathogenesis of PD.
The notion of using antioxidant vitamins (vitamin E 3200 IU/day and vitamin C 3000 mg/day) as potential neuroprotectants was tested initially in an open-label study. No conclusions as to effectiveness were drawn. 81 In the DATATOP study, 800 enrolled subjects were randomized to regimens of placebo, 2000 IU of ␣-tocopherol daily, selegiline, and both ␣-tocopherol and selegiline. in a 2 ϫ 2 factorial design. [8] [9] [10] The 400 subjects receiving ␣-tocopherol or matching placebo were followed for 2 years without breaking of the study "blind" (even though the selegiline-placebo portion of the DATATOP study was prematurely ended, and most subjects switched to open-label selegiline). On the basis of the same study endpoints used to assess the effect of selegiline, there was no evidence for a disease-modifying effect.
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MITOCHONDRIAL ENERGY ENHANCEMENT
One of the few systemic markers discovered for PD is that of altered mitochondrial function. Mitochondria of SN, platelets, and skeletal muscle in PD possess reduced activity of the first step of the mitochondrial electron transport chain, complex I. 11, 12 This is also found in parkinsonism associated with mutations of the PINK1 and PARK7 (previously DJ-1) genes. 82 An animal model of parkinsonism can be created by means of rotenone, a toxin that which selectively inhibits the electron chain functions of mitochondrial metabolism at complex I. It is not known whether this abnormality contributes to pathogenesis, or is merely an epiphenomenon (also found in several other neurodegenerative disorders) 12 ; however, this well-validated finding prompted therapeutic interventions that might enhance the activity of mitochondrial complex I. Coenzyme Q 10 (also known as ubiquinone) is an essential cofactor serving as an electron acceptor for mitochondrial complex I. Coenzyme Q10 is also a potent antioxidant in lipid membranes and mitochondria. Several studies have provided evidence for its potential in averting progression of PD. 83, 84 Another pharmacologic strategy for targeting the defect in mitochondrial complex I is the augmentation of brain creatine concentration. Creatine serves as a precursor for conversion to the energy intermediate phosphocreatine, which in mitochondria transfers phosphoryl groups for ATP synthesis. The effect of increasing creatine intake is an enhancement of phosphocreatine formation. Ultimately, the result is reduction in oxidative stress through stabilization of mitochondrial creatine kinase. Creatine kinase is involved in inhibiting the opening of the mitochondrial transition pore (a mechanism involved in initiating apoptosis). Hence, the potential improvement of mitochondrial metabolism and downregulation of a putative neurodegenerative mechanism could be the result of supplementation with creatine. Only limited preclinical evidence has guided decisions to go ahead with creatine clinical trials in PD. 11, 18 For mice treated with MPTP, supplementing their diet with creatine for 2 weeks before administration of the neurotoxin led to less damage to dopaminergic SN neurons.
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Coenzyme Q 10 A clinical trial was completed for coenzyme Q 10 , using dosages of 300, 600, and 1200 mg/day. This placebocontrolled, randomized investigation enrolled 80 otherwise untreated PD subjects for 16 months of study drug administration. The primary endpoint was the perceived need for the start of levodopa, and a secondary endpoint was change in UPDRS score. A positive outcome was found for subjects receiving 1200 mg of coenzyme Q 10 per day (but not the 300 and 600 mg/day regimens). This consisted of an improvement of 6.7 points (p ϭ 0.0416) in the adjusted mean score for total UPDRS score. The comparison with placebo treatment was not statistically significant, although a prespecified endpoint of a positive trend was achieved. 18 Review of the data revealed that most of the benefit observed with the highest dose of coenzyme Q 10 was derived from its effect on the score for UPDRS Part 2-Activities of Daily Living, rather than to improvement in the motor examination for parkinsonism, UPDRS Part 3-Motor Score.
These intriguing (but underpowered) results provided great interest in linking the mitochondrial electron chain transfer defect with a possibly correctable mechanism for causation of PD. Because coenzyme Q 10 also has antioxidant properties, other actions accounting for its disease-modifying effects are plausible. The authors reporting these findings emphasized that further study of the effects of coenzyme Q 10 were warranted before any recommendation as to therapeutic use could be made. 18 The high dosage of coenzyme Q 10 needed for clinical trials is a logistical problem. Improved bioavailability with new preparations 86 will help to make subsequent studies more feasible.
Further investigation of coenzyme Q 10 was performed in a NET-PD clinical trial using 2400 mg/day. 81 That dose was one arm of a randomized, placebo-controlled futility trial linked with investigation of GPI-1485. Subjects who did not need and were not receiving symptomatic treatment of PD were randomized 1:1:1 among the three treatment assignments. The primary outcome measure was the change in total UPDRS score over 12 months from baseline to disability requiring dopaminergic therapy (or not). A number of ratings were conducted in the testing battery in addition to the UPDRS, including measures of depression, cognitive function, quality of life, and disability. Five time points after baseline (1, 3, 6, 9, and 12 months) were used for the testing battery assessing treatment effects. A total of 213 subjects were randomized to the three treatment arms. The mean change in UPDRS score in the group that received coenzyme Q 10 was 7.52 (SD: 8.87). Compared with the preset threshold value of 7.46 for progression of PD, found in a previous placebo-controlled study of otherwise untreated parkinsonism (DATATOP 7, 8 ), coenzyme Q 10 treatment could not be rejected as futile (p Յ 0.1). Hence, the study recommended that an additional definitive evaluation was warranted. 83 In support of this conclusion (but independent of the NINDS NET-PD consortium), a randomized placebo-controlled clinical trial with coenzyme Q 10 in mild PD is currently underway in North America, using a dose of 2400 mg/day.
Futility trials offer conclusions only as good as the guidance offered by realistic expectations of meaningful clinical effect. With respect to the coenzyme Q 10 and GPI-1485 study, 27, 83 the results from the placebo treatment arm in DATATOP were used to create the threshold for assessment of possible futility. However, exploratory studies of the data from the coenzyme Q 10 and GPI-1485 experience raised the possibility that investigators may have applied different standards for determination of endpoint, compared with investigators in the DATATOP study (which was conducted almost two decades previously). In addition, if disease progression results from the PRECEPT trial of CEP-1347 87 (discussed in its own section) had instead been used as the comparator for the effects of coenzyme Q 10 , then this exploratory analysis would have suggested that a trial of coenzyme Q 10 as a neuroprotectant would be futile.
Creatine
A multicenter, randomized, placebo-controlled clinical trial in otherwise untreated PD subjects was conducted using creatine. This NET-PD investigation involved a futility study design, conducted with minocycline as another experimental treatment, to learn if a larger study would be futile for disease modification. 88 The primary outcome determinant was change in total UPDRS from baseline to the first occurrence of either 1) the time when sufficient disability had evolved requiring the start of symptomatic therapy, or 2) 12 months without the need for such treatment. The prespecified threshold for determining therapeutic effect was derived from rate of decline in the DATATOP study in total UPDRS score over time for subjects not receiving selegiline. A 30% reduction was chosen as the signal for a clinically meaningful neuroprotective effect to counter a conclusion of futility at p Յ 0.1. Mildly affected and unmedicated PD subjects (n ϭ 200) were randomized 1:1:1 among placebo and the two treatment arms, creatine (10 g/day) and minocycline (200 mg/day). Neither intervention reached prespecified futility criteria. Although side effects occurred with each, and minocycline was not as well-tolerated as creatine, neither treatment produced serious adverse outcomes. A methodological issue (which also arose for the coenzyme Q 10 and GPI-1485 study 83 ) had to do with the placebo-treatment group chosen as a historical control for the purpose of gauging the futility threshold endpoint from the DATATOP study, as already discussed regarding coenzyme Q 10 .
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Another placebo-controlled study evaluating creatine supplementation was conducted in 60 subjects. 89 This study differed from the NET-PD trial in that subjects were receiving levodopa and other anti-parkinsonian therapy (except for selegiline). The assessment of change over the 2-year study was made by comparing clinical ratings while subjects were receiving the same dosages of PD medications at the end of the study as were taken initially. The results of this trial revealed that the creatine supplementation regimen (loading dose of 20 mg/day, 2 g/day for 6 months, and then 4 g/day until the end of the study) was associated with slight benefit in the UPDRS Part 1-Mental Status score. This improvement occurred primarily with the single item relating to depression. Although no improvements were detected in UPDRS Part 3-Motor Score scores, the creatine-treated subjects tended to require less increase of dopaminergic therapy dose over time. However, due to a number of methodological issues including confounding effects of symptomatic therapy and the lack of standardization in dose adjustment, the significance of these results is uncertain. This study also used SPECT neuroimaging with a dopamine transporter ligand, which revealed no treatment effect of creatine between baseline and the end of the study.
ANTIAPOPTOTIC COMPOUNDS
Several lines of evidence have pointed to the activation of apoptosis as a possible mechanism for neurodegeneration in PD. On this basis, the search for antiapoptotic interventions led to proposals for study of three compounds differing in how they interact with pro-apoptotic mechanisms. Although there has been support for this treatment strategy in some animal models of toxininduced parkinsonism, there is no consensus in the research community that apoptosis is a primary mechanism of neurodegeneration, or even a common final pathway. 90 
Minocycline
Minocycline has been extensively studied because of its promise in treating neurodegenerative disease. In rodent models of parkinsonism induced by 6-OHDA and MPTP, pretreatment with minocycline improved survival of dopaminergic SN neurons. 91 Minocycline inhibits the activation of microglia, which is a prominent feature in the brain of PD patients and in experimental neurotoxin models. 92, 93 This drug also acts to lessen factors that mediate apoptosis, such as caspase-I. 92 Although these properties seem to be in favor of minocycline providing a possible neuroprotective effect in PD, preclinical results have not been consistent in support of this possibility. 94 As one of the treatment arms in the NET-PD randomized, double-blind clinical trial also investigating creatine, minocycline 100 mg twice daily was also evaluated as a disease-modifying intervention subjected to a futility analysis. 88 The primary outcome measure was change in total UPDRS score from baseline to either a determination of disability requiring dopaminergic therapy or 1 year, whichever was first. The mean change for the minocycline group was 7.09 (SD ϭ 8.71), compared with the threshold value of 7.46 (70% of the historical DATATOP study rate of UPDRS progression 9, 10 ). As a result, the prespecified hypothesis of futility for further study could not be rejected. 88 Although minocycline is somewhat problematic as a treatment because of side effects and tolerability, the results of this investigation warrant considerations of additional study (with consideration for the caveats expressed in recent preclinical research).
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TCH346
Another candidate in the search for antiapoptotic interventions was TCH346 (also designated CGP 3466 or CGP 3466B in various publications). TCH346 is a novel compound developed because of its shared structural similarities with selegiline. TCH346 does not inhibit MAO-B, however, and, unlike selegiline, is not metabolized to amphetamine compounds. It acts to inhibit a key step in age-induced neuronal apoptosis through binding to the glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase (which is a binding site also for selegiline and rasagiline). 95, 96 Cell culture studies with PC12 and human neuroblastoma cell lines have shown increased survival with this agent. 97 In rhesus monkeys exposed to MPTP, near-complete protection against the development of motor impairment was achieved when TCH346 administration was started 2 hours after the second MPTP infusion and continued for 2 weeks. 98 Histological analysis revealed that TCH346 treatment led to sparing of the usual loss caused by MPTP in dopaminergic SN neurons and their projections to the striatum. Together with the findings from cell culture experiments, these results were the impetus for a large multicenter clinical trial assessing neuroprotection in PD.
For the 301 early, untreated PD subjects enrolled, randomized treatment assignments were made to placebo or one of three oral doses of TCH346 (0.5, 2.5, or 10 mg/day) and continued over 12 to 18 months. 52 After the treatment period, each subject had a 4-week washout. The primary study endpoint was time to requirement of dopaminergic therapy because of emerging disability. Other outcome measures included the rate of decline in total UPDRS scores and change in a quality of life evaluation (PDQ-39). Most subjects completed the trial, and no toxicity was encountered. Over the course of the study, approximately one-third of each treatment arm met primary endpoint criteria, including placebo. The rate of annual change in UPDRS scores or PDQ-39 did not reveal any evidence for a neuroprotective effect.
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CEP-1347
CEP-1347 (also designated KT7515) is a semisynthetic derivative of a bacterial fermentation product termed K252, which acts as an inhibitor of mixed lineage kinase-3. This enzyme is a major component in the transcription factor c-Jun-mediated terminal kinase signaling pathway, which is involved in apoptotic death of neurons. The cascade of events through this pathway has been hypothesized to be a mechanism by which SN neurons are lost in PD. Several laboratory studies involving neuronal PC12 cells, sympathetic neurons, and other in vivo models of neurodegeneration 99 supported this potential. Mice and monkeys exposed to MPTP have enhanced survival of SN neurons with this compound. 99 In 30 untreated PD subjects participating in an initial feasibility study, CEP-1347 was safe, well tolerated, and demonstrated no symptomatic effects in a randomized, placebo-controlled study using 50 mg twice daily. 100 A larger scale investigation followed. The PRECEPT study 87 recruited untreated PD subjects lacking current or imminent need for anti-parkinsonian treatment. The primary endpoint was again the need for the start of dopaminergic treatment. Secondary endpoints included UPDRS changes and [ 123 I]-␤-CIT SPECT scans. After implementation of this placebo-controlled trial, which enrolled 806 subjects with three daily dose regimens of CEP-1347, the study was halted as a result of an interim futility analysis. At this point, 57% of subjects receiving placebo had reached the primary endpoint, compared with 65% of subjects receiving CEP-1347 20 mg/day, 59% of subjects receiving 50 mg/day, and 64% of subjects receiving 100 mg/day. 87 These results were comparable to the lack of effect also found in determinations of total UPDRS score and in changes between baseline and final [
123 I]-␤-CIT SPECT scans. Most of the subjects who underwent neuroimaging at the start of the study showed marked reductions in dopamine transporter binding in the putamen that were compatible with PDthat is, were less than 80% of the lowest age-expected binding by [
123 I]-␤-CIT. However, 91 of the 799 subjects who were scanned (11.4%) did not meet these criteria. With the consideration that these subjects might have confounded the study findings because of a questionable diagnosis of PD, a post hoc analysis was conducted and revealed no change in the pattern or numeric trends of the CEP-1347 treatment effects that would change conclusions made with the entire subject group.
ANTIGLUTAMATERGIC AGENTS
Because glutamate can act as an excitotoxin contributing to neuronal damage, 101 one rationale for PD neuroprotection has been to block glutamate neurotransmission in the SN. This amino acid neuromodulator has been under consideration as a contributing factor for a number of neurodegenerative disorders. Studies using animal models of parkinsonism have suggested that glutamate can confer excitotoxic damage via NMDA receptors.
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Riluzole
This compound has been shown to demonstrate limited but definite effectiveness in slowing deterioration of amyotrophic lateral sclerosis and has been FDA-approved for this use. Riluzole acts by blocking the presynaptic release of glutamate. Unlike other compounds that are potent glutamate blockers and that can cause significant CNS toxicity, riluzole is well tolerated.
A large multicenter randomized clinical trial with riluzole (100 mg/day) and placebo was conducted to determine if a possible neuroprotective effect exists. The study was structured with endpoints similar to those previously used in clinical trials with selegiline: the need to start dopaminergic therapy, and UPDRS scores. After an interim analysis revealed no evidence for a neuroprotective effect, this trial was halted, and there has been only limited reporting of results. 103 Another investigation of this compound was undertaken in 20 subjects, followed over 6 months as an exploratory study. The study used a variety of assessments, some of which pointed to a trend for slowing of disease progression, but the results were essentially inconclusive because the study was underpowered and of short duration.
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CONCLUSIONS
Over the past two decades, neuroprotection has been the goal of several randomized, placebo-controlled clinical trials, some involving hundreds of subjects and lasting more than 12 months. A few have provided intriguing evidence for disease modification through clinical ratings or surrogate markers. However, even those treatments with scientifically compelling results showed limited benefits, leading to questioning of their practical application. For example, the modest improvement offered by 1200 mg/day of coenzyme Q 10 on UPDRS scores for activities of living was not, in the opinion of the study authors, clinically meaningful enough to merit recommending this compound in standard practice as a neuroprotective treatment. 18 Testing a larger dose in a larger patient population is needed to understand the potential of this metabolic intervention. Other promising therapies (minocycline, creatine, and GPI-1485) are also candidates for further testing, having passed the thresholds of futility analyses. However, not meeting futility criteria does not make the eventual finding of efficacy more likely to occur.
One of the biggest challenges ahead is to make sense of the results reported for the three MAO-B inhibitors selegiline, lazabemide, and rasagiline. The clinical improvements seen with each of these compounds suggest a pharmacological class effect. Although each drug shares the property of inhibiting oxidative deamination through MAO type B, it is important to recall that selegiline and rasagiline both possess additional in vitro pharmacological actions that could contribute to neuroprotection. 41, 46, 47 The next clinical investigation to report on potential neuroprotection with this class will be the ongoing rasagiline ADAGIO study, which, with 1100 subjects enrolled, will be the largest PD trial to have been conducted with the goal of disease modification.
The legacy of PD neuroprotection studies at this point is a wealth of experience in the challenges and pitfalls of study design and implementation. Data from clinical trials in early PD provide an important resource for studying the natural history of PD and for designing new studies and interpreting the results of others. This information, plus experience in using different clinical rating and neuroimaging study outcome measures, has made it possible for studies to be planned with greater precision as to duration and numbers of subjects required. The limitations of clinical assessment in selecting subjects for enrollment have been highlighted by several studies in which neuroimaging data did not support the diagnostic impressions of enrolling investigators. From this information, future studies can be designed that can model a study cohort with the expectation of less than full clinical diagnostic accuracy.
The lack of efficacy for several compounds with strong hypotheses and promising preclinical profiles emphasizes the limitations of proceeding to clinical trials in the absence of understanding as to the cause or causes of PD. Antioxidants and antiapoptotics might seem to have been eliminated as candidates for a neuroprotective therapy in PD; however, careful attention needs to be given to the details of each study, to learn whether and how experimental plans appropriately tested each concept.
For example, the ␣-tocopherol arm of the DATATOP study investigated a relatively large daily oral intake of this vitamin, but whether this regimen actually increased antioxidant defenses in the brain is not known. 105 Also in the DATATOP study, the hypothesis for selegiline as an antioxidative therapy was that this drug would inhibit oxyradical production from dopamine turnover, thereby halting disease progression. Subsequent analysis, however, found that this concept was not in fact tested, as shown by measurements of CSF homovanillic acid (HVA). 106 As the byproduct of dopamine catabolism, HVA formation should be blocked if oxidative deamination had been fully inhibited by selegiline; however, HVA measurements of the selegiline-treated subjects revealed continuing production of HVA, demonstrating that oxidative deamination of dopamine (and hence, hydroxyl radical production) was still occurring. 106 The investigations using coenzyme Q 10 and creatine supplementation also have the challenge of proving adequate drug delivery to the brain to test their experimental concepts.
Several efforts at translating promising candidates (especially animal models of neurotoxin-induced parkinsonism) from laboratory research to clinical trials have failed. In part, this may be due to naïve assumptions in the fragmentary understanding of how PD is initiated and progresses. PD is already an advanced disorder by the time that its clinical features are recognized. The ideal time for a protective intervention already may have passed by many years, or there may be an inherent lifelong risk conferred by genetic or environmental factors that make progressive PD inevitable.
This pessimistic viewpoint should not be the basis for halting further research. Many PD patients would be very satisfied if they could halt the disorder in its mild stages, as is the case for a substantial proportion of patients, who seem to plateau after several years without further worsening. What natural factors are operative in such cases of nonprogressive PD remain to be investigated. Vulnerability of neuronal loss on the basis of genetically determined changes in ␣-synuclein or ubiquitin ligase is under active exploration, and it may be that unraveling their contributions to disease progression might have a therapeutic message for interventions in seemingly sporadic PD. Given the possibility that there is more than one cause, PD may require a multiplicity of treatments. Un-fortunately, one implication is that treatments already investigated in clinical trials and rejected as inefficacious might actually have utility for some subcategory of PD.
Until recently, choices for neuroprotective treatments were limited to pharmacological interventions, generally involving small molecules capable of traversing the blood-brain barrier. The advent of recombinant gene therapy has greatly changed the landscape of therapeutic options. 107 Using viral vectors, it has become possible to equip neurons or other brain cell types with genetic instructions for measured and continuous production of potentially disease-modifying substances. An open-label clinical trial testing a neuroprotective strategy with a gene to synthesize neurturin, an analog of glial-derived neurotrophic factor, is currently underway in 12 subjects. 108 This work is based in part on the positive results of gene therapy studies using recombinant adeno-associated virus carrying a gene for neurturin in monkeys previously exposed to MPTP. 109 Other gene therapy strategies have been proposed from preclinical evidence, based on the potentially neuroprotective activity of several biologically generated substances. Like neurturin, erythropoietin generated in situ has been proposed as another means for protection against degenerative changes in PD. 110 Based on its cytokine properties, erythropoietin can diminish effects of the neurotoxins 6-OHDA and MPTP in rodent experiments (possibly through an anti-inflammatory response against microglial activation). Another proposal from laboratory research comes from a rodent model of parkinsonism in which motor deficits and neuronal dropout were induced by overexpression of ␣-synuclein in dopaminergic SN neurons. 111, 112 In this model, use of recombinant adeno-associated virus to overexpress PARK2 (the parkin gene) greatly attenuated effects of the coexpressed ␣-synuclein gene.
Neuroprotection research for PD is fortunate in that it can borrow concepts from other medical disciplines in the search for promising therapeutic interventions. For example, the oncological drug taxol, 113 anti-inflammatory medications, 114, 115 and a drug for multiple sclerosis, glatimer, 116 have each shown therapeutic promise in animal models of parkinsonism. Istradefylline (KW-6002), a xanthine-based antagonist of the adenosine A 2A receptor (and which has symptomatic effects on PD for parkinsonism), has also been effective for improving recovery in a neurotoxin-induced animal model of parkinsonism. 117 With an expanding range of therapeutic options, the race for neuroprotection against PD may be in the home stretch.
Dedication: Dedicated to the memory of a colleague and friend, Professor Cliff Shults, M.D., a distinguished Parkinson's disease researcher among whose many research contributions are studies cited in this review.
